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SUMMARY

Physics and Chemistry of Detonation

The high-speed streak camera has been moved successfully from
Calaveras to Corral Hollow Experimentul Site (CMES). A calibration shot
at CHES with nitromethane gave results similar to previous shots at
Calaveras. The smooth-shock reaction time for liquid methyl nitrite
at 10 atm with a preshock temperature of 25°C was found to be 1.15 psec
for a shock pressure of 57 kbar, about 26 kbar less than for the same
reaction time of isomeric nitromethane. This is the biggest difference
in shock pressure (at constant reaction time) measured for two isomers
and is attributed to the 17 ikcal/mole difference in bond dissociation

energles of the weak bonds of the two isomers.

Interesting differences in shock initiation were found for dinitro-
alkanes. The shock pressure required to give o 1 usec reaction time
was about 89 kbar for 1,1-DNE and 100 kbar for 1,1-DNP. We slso found
an a-hydrogen effect on shock initiation. At a preshock temperature of
60°C, the reaction time of 1,1-DNP was 2.2 usec at 91 kbar, whereas the
reaction time of 2,2-DNP was greater than 4 usec (failed to detonatu)
at 98 kbar. At a preshock temperature of 25°C, the reaction time of
1,1-DNE was 0.8 usec at 90 kbar, wherens the reaction time of 1,l1,1-FDNE

was greater than 4 usec (failed to detonsie) at 9o kbar. In both these

comparisons, namely, 1,1-DNP versus 2,2-pNP, and {,1-DNE versus 1,1,1-FDNE,

the compound with no u-hydrogen wa- less reactive then the compcund that

had a hydrogen atom & to the dinitro group.
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We have recorded detonation failure waves of 1,1-DNP using the
previously developed brass cone technique. The gross features of the

imprints are siuilar to those cbserved for IBA.

We previously discussed a “universal" Hugoniot for liquids, that

had the form,

U/co = 1.37 - 0.37 exp [-uaup/co] + 1.62 up/co

where Us is the shock velocity, up is the particle velocity, c, is the
sonic velocity, and u_ is a constant. The value of u; is thermodynamically
related to the varlation in the speed of sound and the variation of
specific volume with pressure close to atmospheric pressure. We have used
data from eche-sounding tables for pure water, together with p-v-T data,

to evaluate the necessary derivatives graphically, and obtained a value

for u; ~ 2. Some shock wave data on glycerin obtained by Dr. D. Erlich

of SRI on another project suggest that uy = 1 to 2. We suggest that a

value of uy = 2 is consistent with both sets of data.

Low-Velocity Detonation

TIGER equilibrium calculations were made on the difluoraminocalkanes
and were compared with values for dinitroalkanes that were previously
reported. The comparisons zhow that the enevgy release of those systems
containing C-H-0 werv greatly dependent on the temperature and pressure,
while the systems containing fluorine showed little variation, This is
due primurily to the s_tabuhy of HI' in relution to other fluorine con-

talning compounds.

‘The correlation between the low-velocity detonation {(LVD) gap
gensitivity and the ratio of the heat of reaction te heat of vaporization,

Aur/AHv. gives a qualitative ordering of the compounds so far tested.

iv

3
3




This correlation does not differentiate between the dinitroalkanes.
Therefore, factors other than kinetics and heat of vaporization must be

important to the LVD hehavior of the dinitroalkanes.

Experiments for measuring the pressure field in an LVD liquid as a
function of time have been started. This technique uses manganin gages
to record the pressure in the 0-20 kbar range. We hope this technique
will enable us to relate the energy in the liquid and in the container

walls to LVD propagation.

Static High Trescsure and Kinetic Effects

Static high-pressure (SHP) experiments at 10 kber on several dinitro-
alkanes with and without Q-hydrogens show that, as in reaction time measure-
ments, a compound with an C.-hydrogen (1,1-DNP) is more reactive than those
compounds without (1,1,!-FDNP and 2,2-DNP). ‘The reason for the shorter
explosion time for 1,1-DNP is not clear. 1,1,1-FDNP shows a very sharp
increase in explosion tim on going from 245° to 228°C, similar to that

found for nitromethane (NM) at 1 kbar.

Studies of the very low-pressure pyrolysis (VLPP) of dinitropropanes
are completed, and the groducts of these decompositions indicate that
theyve are rwo processes. For the nongeminate dinitroalkane, 1,2-DNP,
the sole products iscluled are the nitroolefins, l- and 2-nitropropene.
Thus this compound behaves like a simple nitromlkane and undergoes five-
center elimination of HONO. The gem-dinitroalkanes, on the other hand,
1,1,1-FDNP, 1,1~ and 2,2-DNP, undergo initial C-N scissio., folluwed by
migration of oxygen from ni{rogen 1o carbon to give propionyl fluoride,
propionaldehyde, and ncetone, r<anectively. fi-scission competes with

O-migration in the cases of 1,1- and 2,2~DNP.
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I INTRODUCTION

Under the sponsorship of the Office of Naval Research (ONR), Stanford
Research Institute is studying the fundamental sensitivity properties of
liquid high-energy materials in order to define the minimum number of
physical and chemical parameters of the system needed to predict de-
tonation sensitivity. JIn this work we have been concerned primarily
with: (1) detonability of the liquid phase, i.e., whether it will
support a Jdetonation wave, and the failure diameter for detonation;

(2) the necessary conditions for initiating detonation and whether case
of initistion is related to structure; and {(3) the mode of decomposition
af the chemical structure and the relationship of the initial decompositiocn

steps with the phenomena of (1) and (2},

in previous work on this cm!rnc(,' these relationships were studied
with {someric difluoraminopropanes and butanex, and we are now studving
titro compounds in the analogous isomeric propane series and some ethane
homologs. Thus a divect comparison hetween thy twe high-enevgs groups
that are of suxt interest at preseut can be made, and basic knowledge
van e obtained on the tnitistion and propagation properties of model

liquid nitroaliphatic plastictzers,

This progran conriste of three primary tasks;

A, DPhysics and Chemistry of Detunation

The ultimate objective of studies of the physics and chemistry of
detonation (Section 11) is to correlate transient detonption phenomena,

such as shock injtiation and failure behavior, with the mode of decom-

¥ Stanford Hesearch Institute Project 4051, Finsl Heport, “Sensitivity
Fundamentals, May 15, 1970,




position., This objective involves: (1) measurement of failure diameters,

(2) study of events in the liquids as shocks of various magnitudes enter,

C i e

and (3) measurement, evaluation, and corrlation of physical and thermo-

chemical properties.

B. Llow-Velocity Detonation

The objectives of this program (Section III) are to detervine under
which conditions L\D will initiate and to relate this initiation to the
chemical and physical properties of the materials. By comparing two
classes of materials (i.e., the difluoramino and dinitro compounds)
with such widely different thermochemical and kinetic properties, we

con ascertain those factors that influence LVD initiation.

C. Static High-Pressure and Kinetic Effects

Section 1V of this research effort comprises a study of the decom=
posttion bohavior of shock-sensitive liquids at very low and very high
pressurex including measurements of reaction times at pressures and
temperatures comparable to those encountered in inftiating shocks; and
altempts to desceribe 8 relationship between detonation phonomeas and

chemical wmeshanise, including the clemontary rate steps.

2




I1 PHYSICS AND CHEMISTRY OF DETONATION

{Robert Shaw)

A. Introduction

The objective of this part of the research program is to improve
the understanding of the physical and chemical processes that occur in
twe transient detonation phenomena, namely, shock initiation and de-
tonation {ailure. We have used a three-fold approach: (1) experimental
observation of the phenomenon itself (for example, smocth-shock reaction
tine peusurements for shouk fnitiation, and brass imprints for detonation
fatlure), (2) testing of models (homogeneous tbermal explosion theory
for shock inttiation, and Dremin's theory for detonation failure), and
(3) obtaining input data for the models, such ax calculated shock
tomperatures,and Kineticr of heat-veleasing chemicol reactions at known
temperatures and pressures ax close as possible to delunation conditions.
uring the present report period we hove obtained some interesting re-
‘sults on frems (1) and (3) and plan to devole a major part of the next

period te itesm (2},

. Measuresenl of Smoelh~Shock Hepctian Times

The high-specd camera wos moved successfully Trop Calavera~ tao
Corral Hollow Experiment Stte (CHESI. A test shot a3t CHES sith nitra-
methane (NM) at a preshock teaperature of 25°C gave o smoath-shock re-

sclion tige of U9 usece at 8 shock pressure of B kbar, compared sitn

a shock reaction {ime of Q. 7R psee prodicicd by previous shols at (slaveras

(sce Figure 1).

k
;
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FIGURE 1 SMOOTH-SHOCK REACTION TIME MEASUREMENTS FOR NITROMETHANE AND

METHYL NITRITE AT A PRESHOCK TEMPERATURE OF 25°C




The results of smooth-shock reaction time measurements obtained at

CHES during the last report period are given in Table I.

SMOOTH-SHOCK REACTION TIMES FOR NITROALKANES

Table. I

Preshock Peak Pressure | Peak Pressure Reaction Time
Compound Temperature| in Attenuator{ in Liquid

(°) (kbar) (kbar) (usec)
Nitromethane 24 ic4 85 0.98
Methyl nitrite 25 72 57 1.16
1,1-DNP 25 109 99 1.81
1,1-DNP 26 104 95 Failed (4)
1,1-bNp 6u 100 9l 2.15
2,2-DNP 60 107 98 Failed (4)
1,1,3-FINE 25 99 89 Foiled (-4)
1,1, 1-FINE 25 107 97 Failed (O4)

® Measured at CHES.

One of the baste fdear {n thiy program ix to uge isomers that

have

similar phystceal propertics xo that differences in behovior can be

attribured to differences in chemical structure.

Nitromethone has no

Reometricsl isomer, but one of its structural tsomers 1z methyl nitrite,

4,080,

ni*romethane in Teble 11.

The properties of methyl nitrite are compared with those of




‘fable 11

COMPARISON OF PROPERTIES OF METHYL NITRITE AND NITROMETHANE

Compounds Methyl Nitrite | Nitromcthane Ref.

Siructural Formula CH,ONO CH,4NO,

Arrhenius parameters for gas-phase
Thermal Decomposition:
A-factor/(sec-1') 108 10156 1

Activation energy/(kcal/mole) 42 59 1

Gas-phase thermodynamic properties:

AH",. (298)/ (kcul/mole) -15.6 ~17.9 1

§9(298)/ (cal/ (mole-deg)) 72.3 65.8 1

c“p(zss); (cal/(mole~deg)) 15.4 16.8 1
Heat of vaporization/ (kcal/mole) 5 9,2 2,3
Heat of formation of liguid/ (kcal/molie? -20,6 =271

Boiline point./{(°C) -12 101 4

Melting potnt/(°C) -17 -29 4

The compounds have simflar thermodynamic properties, but the kinctics of
decompasition are very differcat because Of differences in boad strength,
n{CH ,0-NU) ~ 40 keal/mole and D{CH,-NO,) ~ 60 kcal/mole. The only problem
with methyl nitrite -is {ts volatility. In previous work,” this was aver-
come by working at very low temperstures (xee Figure 2). However, this
approach led to other problems such as the possibility of freezing the
methyl nitrite, and it made difficultl a comparison with gmbient temper-
ature results, Therefore, we usdd the alternative approach of working

at higher pressures. The vapor pressure of methyl ni rite at 23°C is

6
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about 10 atmospheres. This is still negligible compared with shock
pressure and is reasonable for making a reaction cell znssambly. The
experimental arrangement is shown in Figure 3 and was Jdescribed in the

last report® on this contract.

It should be pointed out that the geometry of the shots is such that
quenching rarefactions destroy the initiating pressure wave after about

3 to 4 wsec. A "failure" therefore places a minimum reaction time of,
say, 4 usec at that pressure and places a limit on the position of the
reaction time/pressure plot in that region. In several of the dinitro-
alkanes experiments for which we are still gathering data, some of the
slopes of the reaction time/pressure plots have been sketched in (dotted

lines) on the basis of our previous experience with the general shape of

reaction time/pressure plots.

In a previous experiment®, when the attenuator thickness corresponded
to a peak shock pressure of 45 kbar in the liquid methyl nitrite, there
was no initiation, giving the lower limit in Figure 1. 1In on experiment
recently completed using the high-pressure (10 atmospheres) reaction
cell®, the smuoth-shock reaction time for liquid methyl nitrite ot a pre-
snock temperature of 25°C was found to be 1.15 wsec fur 8 shock pressure
of 57 kbar(Figure 1), that i about 26 kbar less than for the same re-
action time of the isomer nitromethane. This is the bigpest difference
in shock pressure (at constant reaction time) measured for two isomers
and is attributed to the large difference in bond dissociation energies
of 17 kcal/mole (Table 11). The experiments on mothyl nitrite are now

completed.

In the dinitroalkance series, some interesting differences in shock
initiastion have become spparcat. Comparing 1,l-dinitroethane (1,1-DNE)
and 1,1-ONP, which differ by only o methylene group, the shock pressure

required to give a l-usec reaction time is about 89 kbar for ,1-DNE and
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100 kbar for 1,1-DNP (see Figure 4). This difference in shock reactivity

#*
is in line with intuitive expectations, but is in contrast to the difluor-
aminoalkane series where 1,2-bis{difluoramino)propane (1,2-DP) and

1,2-bis (difluoramino)butane (1,2-DB) were almost identical.®

Another interesting currelation is the so-called O-hydrogen effect.
At a preshock temperature of 60°C, the reaction time of 1,1-DNP was 2.2
wsec at 91 kbar, where the reaction time of 2,2-DNP was greater than 4
usec (failed to detonate) at 98 kbar (see Figure 5). Similarly, at a
preshock temperature of 25°C, the reaction time of 1,1-DNE was 0.8 usec
at 90 kbar, whereas the reaction time of 1,1,1-FDNE was greater than 4
usec (failed to detonate) at 97 kbar (see Figure 6). 1In both these com-
parisons, namely, 1,1-DNP versues 2,2-DNP, and 1,1-DNE versus 1,1,1-FDNE,
the compound with no (~hydrogen was less reactive than the compound that

had a hydrogen atom 0 to the dinitro group.

Finally, the results for methyl nitrite and 1,1-DNP show that in-
creasing the preshock temperature reduces Lhe shock pressure required rer
a given reaction time (see Figures 7 and 8). This is in line with previous
observations® and is attributed to an increase in shock temperature as

the preshock temperature is increased.

C. Detonation Failure

One of the unexplained features of detonation failure is o model that
will satisfactorily explain the features of dark waves. In the hope ot
understanding the subject, we have begun to make dark wave experiments on
dinitroalkanes. 1In some previous work with difluorcvaminoalkanes?, we
recorded imprints of failure waves on a brass cone (see Figures 9 and 10)
using 1,2-bis (diflucroumino)-2=-methylpropane (IBA). In massive lead

confinement, IBA had a failure diameter of 9.5 mm. In the some lead

—
1,1-DNE is balanced to €0, H,0, and N,, whereas 1,1-DNP &s fuel-rich.
Thus the amount of heat relensed per ¢c of 1,1-DNE will be greater than
that for 1,1-DNP.

10
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block apparatus the dinitroalkane with the closest failure diameter was
1,1-DNP (11 mm). We therefore chose 1,1-DNP for the brass cone experi-
ments. The resulting imprints using 1,1-DNP arc shown in Figure 11 and
12, The gross features for 1,1-DNP are similar to those observed for
IBA, as might be expected because the gross physical properties of
1,1-DNP and IBA are similar, but a detailed explanation of the fine

structure is still unavailable.

D. “Universal” Hugoniot for liquids (with M. Cowperthwaite and
R. W. Woolfolk)

In the 1970 Final Report,® we discussed s “universal” Hugoniot
for liquids that had the form

us/c,', = 1,37 - 0.37 exp[-u,up/eoT v 1.62 up/c._c w

where Cﬂ is the shock veloeity, up is the particle velocity, ¢, is the

sonic velocity, and u, iz a constant. In Figure 13 the experimontal

datu are shown along with three curves that correspond to u, = ®, 5, and

1, The value of u, = @ wag used in shock temperature calculations be-
cause (1) it simplified the calculations, (2) we found that the values

ef shock tesperature were not \'cry_sensn_h‘n to the value of u,, and {(3)
the exact value of u, was not known. However, u, can not be iafinlte
because in the limit, at “p 2 @, L‘s ® Cqe By oObservation of Figure 13,

it appears that the value of u, should be * 5. We have used twn approaches
to obtain a value for u,. The first is based on thermodynamic relations
of the Hugoniot and the isentrope, and the second ix the direct experi-

mental determination of the form of the Hugoniot in the region of O 1o

10 kbar.
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] \ The thermodynamic approach is as follows, Transposing co in equa-
v tion (1) and differentiating Us with respect to up,
r P dy
: ‘: — . - 1.62 (2)
: el 0.37 u, exp[ u,up/co_] + 1,
3
3 i
3 ; when u_ -~ O,
: P
E- dUS .
—= 0,37 u, + 1,62 (3)
du
] po
Ev
2 that is,
dUa
= = - 1.,62)/0.37 4)
Uy du / (
. Pg

The problem is then to find f'Ja/dup . At p = 0 41 can be shown from
o -

- g

thermodynamics that

du v,

s\ _o 32 (59
du Cde T\ vy >

[} [ ‘s

Now
.3
). . .
N %)
3 s

And ¢ifferentiating with respect to v,

2 |z g
Qﬂ\") B R (3\'/ o
B B
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Further,

ap
v(a")s (8)
@WEEmEmE] o
AN M a.x\(aa (10)
) f-(2)()]
=(§iv ) [:1 . j—:(:—;)c:l (11

It (Bc/_\v)p and (bv/ép)(_ werc known at p = 0, substitution into equations
(11), {7, (3). and (4) would yield a value for u,, We have used data

from ccho-sounding tables for purc water,? together with p-v-T data, ' to
construct a graph of the variation of sound speed with specific volume at

pressures of 1, 50, 100, and 150 bar (sce Figure 4}, At p = 1 bar, T =
St

av p=1l

25°C, ¢ = 1483 m/sec, from the grnph.(l:) «( = 1,027 x 0%/
AV
¥ S

(sec em?),  Sieidarly, from the graph, at constant ¢ = 1493 m/sec, the

“following valuces of p and v were read off:

P ¥ NS
{har) (coe /gl (ce/g)

1 1.00295

000325
.50 0.99970

0, 00290
100 Q, 99680

0.00275

150 0,.99305
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Extrapolating to p = 1, we obtain

N\
QX) = (A! = =7 x 10™*? cm®/(dyne g)

ap c Ap c

Substitution of ¢ = 1,493 x 10° cm/sec, v = 1,00295 cm?/g, (av/ap)c =
-7 x 10~'! cnm®/(dyne g) and (ac/Bv)p = 1.027 x 10% g/(sec cm?) into
equation (11) gives (ac/Bv)s = 5.66 x 105 g/(scc cm?), Substitution
into equation (7) gives (azp/bvz)S = 2.12 x 10'? sec?/ (g3 cm~7?); substi-
tution into equation (5) gives (dUs/dup) = 2.40. Finally, substitution

into equation (4) gives u, = 2,1,

The region of Figure 13 close to the origin has been replotted as
Figure 15, using equation (1) and valucs of u, = =, 10, 5, 2, 1, and C.1.
Also plotted in Figure 15 arc two experimental Hugoniot points for glycer-
ine, obtained by Dr. D, Erlich of SRI, Until further data are available,
wo conclude that a value of uy, = 2 is consistent with results of the cal-
culations on water and with the experimental data on glyeerin., In other

war ds, equation (1) becomes:
U /e = 1,37 =~ 0,37 expf2u /e , + 1,62 u f¢ (12)
5 o p o oo

E. Publications

The following papers resulting from this work have been accepted

for publication oy presentation:

1. “Hoeat Capacities of Some Dinittroalkancs,” W, E, Hobbins
and R. Saaw, J. Chem. Thermodynamics,

2. “Thermal Decomposition of Nitromethane and Some Dinitro=
alkanes at Static High Pressure of 1 to 50 kbar,” E. L,
Lee, H. D, Stromberg, P, 8. DeCarli, D, 8, Ross, and R,
Shaw, Western States Section of the Combustion Institute
Spraing Meeting, Scattle, 24 to 25 Apral 1972,
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F. Future Work

During the next few weeks we plan to extend the shock initiation
and statie high-pressure experiments on the dinitroalkanes with empha=-
sis on the y-hydrogen c¢ffect, During the summer we plan to devote more
attention to the problems of dark waves ana Dremin's failure diameter

theory.,
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111 LOW-VELOCITY DETONATION

(R. W, Woolfolk)

A. Introduction

This part of the Sunsitivity Fundamentals program deals with the
occurrence of low-velocity detonation (LVD) in model dinitroalkanes that
are relate.! to useful high energy plasticizers., 1In particular, we are
studying the relationship between chemical structure and LVD sensitivity,
Our recent eiforts have concentrated on those chemical and physical pro-
perties that influence the LVD gap sensitivity of materials, especially

the theraodynamic and kinetic properties,

LVD 18 defined as a react:on wave propagating at a velocity super-
senic with respect to the unreacted liquid ol slower thun @ conventiogal
high=velocity detonation (HVDY.  We believe fhat the LVD wave . prepas
Kating ta a cavitated fluid and thal the production of tiis cavitat ion
i3 aa important process in the inttiation and propagatron of Lvh,  Com-
pared with HD. the LD process 15 a fay more complex phenomenon, which

indicates whty a guantitative sodel for LVD has yet (o be suggented,

In our studies of LVD we bave used #odel campounds and are currestly
sorking on the dinitroalRanes, -The LVD behavier of the diaitapropanes
ahd the dinitreoeothanes are ‘o warked coftrast (o their loa-pressuare reace
fien rates. The propanes, 1.1-DNP and 2.2-DKP. cannet be inttiated 1o
L\D in our tests. but 3. 1-UNE can. Since wc have suosn'? in our Yeee
pressure experisents thal fhcse dinitrealkanes have substantsallyv e
same rale parapcters {or deconposition. the esplanatinn for taeir diverse

LYD behavior sust lic elsewhere.

Because of the need o produce cavi atinn ahead of the react i0f zonc.
the energy requirement in LVD propagulion @ay e greater than that reguired

for a canventional detonatiar Therefure. we have been exami ning the
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energy relecase expected from an LVD reaction and comparing this energy
with LVD behavior to determine if there is a minimum energy required for
the propagation of LVD., To estimate thc available energy, we have been
using TIGER, a computer code designed for thermodynamic and hydrodynamic
calculations at high pressures. We have also begun work on pressure~

time relations 1n LVD,

B. TIGER Calculations

The TIGER program calculates not only the amounts of all important
equilibrium products at a desired temperature and pressure but also selocts
which of the possible products are present at equiltbrium providing the
product is listed in the program ltbrary., Thus, CF, 1x nat an amportant
equilibrium preduct Irum_lBA under any congditions esed 1n tho casculation

(Frgure 17),

The TIGER studies have been extended ' e lude the difluoramine
alkanes previoasly studgied and 1. L i={luarodinit roprapanc (FONP), ae
walfud to compare the enerey release for all these saleriats and to study
now the product Jdistvihution changed with pressupe and temperature,  We.
et imated that the LVD reaction sould take place in the 10 to 20 Kbar
reglon and in the temprrature ringe 1000 to JUV0%K (more Vikely in the
range 1000 to 2000°K}, .Fisurns 16 through 20 show the equilibrion pro-
duct distribution as calculated by TIGER for 1,2-bP, IBA, 1.1-DSE. 1,1~
DNP. and 1.1, 1-FINP,  These resulis arc all at 20 kbar, For comparison
Figure 21 ad 22 show the corresponding distribathion at 10 khay for IHA
and 1,1-DNE, A camparisen of the Jigures oy 1, 1-DNE aag IBA shows tiat
the effects of pressure arc very slight, In the difluaramino care, ten-
perature also lhas little cf fect on tiue product distributon,  ¥For 1, 1-DNE
and, in fact, for all dinitroalkanes thus far studied, the variation of

products with tempperature is puch greater than with pressure in the ranges

of interest,
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An examination of the results of the TIGER calculation shows that the
presence of fluorine in the material has a strong effect on the change of
energy release with temperature. Because HF is so stable compared with
other fluorine-containing products, changing the temperature does not shift
its equilibrium concentration as it does for H-C-O systems. Table 1II
lists many of the compounds for which we have estimated the heat of reac-
tion using TIGER. We have also tested most of these materials for LVD,

In Table 111 we have calculated the ratio of the heat of reaction, AHr.

to the heat of vaporization, AHV. We have felt for some time that because
cavitation plays an important role in LVD, AHV should also be an important
parameter, In the past we have tricd to correlate on a& quantitative basis
the LVD gap sensitivity with the ratio 5ur/¢uv, and as we pointed out in
the last report,% the coerrelation was not able to differentiate between
1,1-DNP and 1,1-DNE, whose LVD behavior ts very diflerent, However. when
we compare the ratios as suown in Table 111 with the LVD scngitivities a
pattern does emurge. Table 1V lists the LVD gap sensitivities of these

materials and their values of Anr!¢ﬁv a5 estimated by TIGER,

At 20 xbar and 2000°K, the ratio ;ur/LNv shows the {ollowing erder as
seen in Tables 111 and IV: XM -2 1, 1-DNP -2 1, 1-DNE <0 EX =0 IBA - 1,309 -
2:2<DpP,  With the exception of EN, which 18 less sensitive tnan 1, 1-DNE.
this 18 the same order as the LYD gap sensitivity, The small difference
in ﬁﬂrlgﬁv for 1.1~UNP and 1,1-DNE wmeans that other factors must detersing
LVD gap sensitiviiy in thesc materials, We know {rom our low -pressure

gasvphase kinetic studies that these twe materials react at the same rate, |

Therefore, the explanation cannot lic with low-pressure initiation Kinetics,

The static high<pressure studies have a6t yet beon completed on 1, 1-DNE, sa

we do not know if it will react faster than 1,1-DNP at high pressure,

Because this boundary between no LVD and LD for 1,1-DNP and 1. 1-DNE
oxists. we should be able to find a misture of these compounds for which

LVD will occur and by using TIGER. estimate the cacrgy of that mixture.
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Table III

CALCULATED ENERGY RELEASE FOR SELECTED COMPOUNDS AT 20 kbar

Density a |
50 T H ,
cavons | "Gt | NN T | g
(g/cc) ’ (kcal/mole)
N 1.13 9,09 1000 -88 9,7
NM 2000 -74 8.05
1,1-DNF 1.254 14,9 1000 -182 12,2
1,1-DNP 2000 -162 10.9
1
1,1-DNR 1.355 13.9 1000 -175 12
1,1-DNE 2000 -155 11,
X .10 8.7 1000 -121 13,8
EN 2000 “1 12,8
1BA 1.213 8.9 1000 -223 25,2
183 2000 -225 25.0
1,2-DP 1,268 7.9 1000 -225.3 28,3
1,2-pp 2000 -225,5 2.3
2,2-0p - 1,254 7.0 1000 -223.% 32,2
2,2-bP 2000 -323,5 32,2
. .
1,1, 1-FDXH 1,228 15 est 1000 -201,2 13.4
2000 ~180,8 12.0

a. Obtatned fros ithe vapor pressure curves,

b, Estimated {rom 1,1-DNP using sroup additivity,

€, EN = ethyl altrate.

d. Estimated from 1, 1-DNP,
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Table IV ‘
LVD GAP SENSITIVITIES AND AHr/AHv AT 2000°K AND

20 kbar FOR SELECTED COMPOUNDS

LVD Gap Sensitivit
Compound AHr/AHv p y
(cm Plexiglas)
M 8.05 No LD
1,1-DNP 10,9 No LVG
1,1-DNE 1.1 6.4-8.3" °* ? ?
b
EN 12.8 3.0-3.8" °F
1BA 25.0 16-17* °F P
1,2-0P 28,3 30-40"
91-127
b
2,2-DP 32.2 >180
1,1, 1-FDNP 12,0 est, Not yet tested

Without witness plate,

With witness plate, i

This may give us an insight as to the validity of the hypotuesis of a

critical envrgy for LD,

We have tacluded the estimated value fev 1,1, 1=FDND where an F oatom

has replaced an § atom, Because ol the staltiility and onergy content of

S PR TR ERTE A PR 1

HE, 1,1,1-FONP gives a higher L“r than 1, i-DNP.  If our hypotiaesfis about -
critical efiergy i valid, bt means that 1,1, I=FDONP wight eshibit LVD af

other factors are equal, The HVD failure diameters of these two materials
are very similar.? We did not have ecnough 1,1, 1-FpNP available to deter-

mine either tts HVD reaction time or LVD seasitivity, Yherefore, we could
not comupare these parsmeters ag we did for the difluorasinoalkanes. Wy do %
have. however. sufficient 1,1, 1-FONE, the ethane isomer, to make these tests

for comparison, We will do this as well as run TIGER calcula* ions on the

1,1, 1-FDNE,




C. Experimental Work

Experinental work has been limited by the lack of explosives and
the lack of a test site. Both these problems are now corrected. The
tetryl explosive will be delivered in a few weeks, and the framing cam-
era necessary for our LVD gap studies is now in working order at our new
test site, All the materials have been prepared for testing. These in-
clude 1,1i-DNEand 1,1,1-FDNE, Since 1-fluoro-1,l-dinitroethanocl,a <om-
pound that we may want to test, can be obtained commercially, we will
not have to prepare it., With all systems prepared, we will have a very

full schedule this spring.

D. Pressure-Time Studies

We have recently begun studics of LVD initiation and propagation
in which we monitor the pressure-time history of the liquid and container
walls, This work is a contiruation of studies that were conducted for
AFOSR, 1In that program SRI developed a method for studying the pressurce-
time history in the liquid durtng LVD, We hope to use this method to
study 1,1=-DNE, EN, and other LVD materiais, This should glive us an esta-
mate of the pressure in the ligquid and also indicate how the cuergy s
distributed between the walls and the liguid, Our initial studies in
conjunction with the APOSR were only a partial success as the matey:al
chosen did not undergo LVD because of excess solvent, This will be cor-

rected on the next shot,

This technigue uses o mapganin gage whose reststance 18 a function
of pressure. By monitoring this resistance duriag shock inttiacton, we
can determine the pressure level in the liquid at all phases of the LVD
reaction, By locating those pages at various paints in the tube, we can
ascertawn how the pressure varies along the tube as well as the time his-
tory at any ontv paant, Figure 23 depicts what o typical result might

look like.
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CIGURE 23 TYPICAL PRESSURE-TIME HISIORY FUOR SNOCKED LVD LIQUID
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E. Future Work

During the next peric . we will determine the LVD gap sensitivity of
1,1-DNE at various temperatures and the LVD gap sensitivity of 1,1,1-FDNE
at ambient temperature, In addition:. we are planning to usec 1,1-DNE and
a plasticizer in our studv of the pressure history of LVD initiation and

propagation, Part of thes.  last studies will be completed 1n mid-April.

Mixtures of 1,1-DNP and 1,1-DNE will also be tested for LVD to deter-

mine the composition that exhibits LVD,

Other fluorodinitro compounds will be tested if the results from the
1,1,1-FDNE studies prove interesting., These may include 1-fluoro-t,i1-
dinitroethancl since we know from previous studies tnat (luorodinitroethyl
lformai (FEFO) {s moderately sensitive to LVD., Since 1,1-DNE is fairly

insensitive to LVD, this series should make an intoeresling comparison.
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1V STATIC HIGH-PRESSURE AND KINETIC EFFECTS (R. Shaw, P. S$. DeCarli,
and D. S. Ross of SRI, and E. L. lee and H. D. Stromberg of LLL)

A. Introduction

In our last report® we described our static high-pressure (SHP)
experimental technique and reported results for NM over a range of
pressures from 1 to 50 kbar. In this range there was a decrease in the

time to explosion with increasing pressure.

{n this report we present data from SHP experiments doae both at
SRI and 8t LLL on four dinitropropanes=-=i,1-pNP, 1.1,1«FONP, 2,2-DNP,
and 1,2-DNP and discuss the problem of “high” Arrhemius paraucters
obtained tn these experimenls. Finally, we present the final results
obtaired in the very low=pressure pyrolyais (VIBP) experiments done on

the same four dinitropropanes,

B. Static Migh-Pressusv Experiments

These experiments arc at a very interesting stage, particularly
when taken 1n conjunction with the shock initiation experiments
(Section 11). Since the last report we have completed experibeals at
SRl on 1,1-0NP at | and 10 kbnr. and on 1,i,i-FONP at 10 kbar. At LLL,
experimentis have been made on 1,2-iNP and 2,2-DNP'? at 10 and 30 kbhar.
The results are given in Table V. Thermal explosion times as a function
of tepperature for several dinitroalkanes at 10 kbar are shosn in

Figure 24,
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FIGURE 24 THERMAL EXPLOSION TIMES AS A FUNCTION OF
TEMPERATURE FOR SOME DINITROALXANES AT
10 kbat
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Table V

THERMAL EXPLOSION TIMES

OF DINITROALKANES AT STATIC HIGH PRESSURES

i 1 kbar 10 kbar 50 kbar
; Explosion Explosion Explosion
compound | 1ab | ™™ nime | ™™ mme | ™™ Tige
i (°c) (sec) °c) (sec) °c) (sec)
1,2-DNP LLL 173 112 173 1
154 170 154 20
135 82
1,1-DNP SRI 184 >200 195%5 3
204 10 184+2 11
209 1 173:2 14.5
147+2 185
1,1,i-FDNP SRY 260 4
256 7
246 7
228 =300
2,2-bNP" LLL 309 4 345 11
270 15 3i6 18
270 26 316 22
218 30 302 20
235 80 283 50
' 259 100
: 259 120

8 Reoference 12.
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The q-hydrogen effect found in measurements of smooth-shock re-
action times is again apparent. In Figure 24, the compounds clearly
fall into two sensitivity clesses: 2,2-DNP and 1,1,1-FDNP, with no
a-hydrogens, are significantly less sensitive than 1,2- and 1,1-DNP,
vhich have r~hydrogens. Moreover, within the latter pair, although the
data are a bit sparse, it would appear that 1,1-DNP is more sensitive

than 1,2-DNP.

The effect of pressure changes on the reaction times is apparent
from Table V, and displays another aspect of the Q-hydrogen effect.
Thus for 2,2-DNP an increase in the pressure increases the time to
explosion, while for 1,2-DNP and 1,1-DNP & pressure increase decrerses

the time (o explosion.

A puzzling feature of the results at 10 kbar with 1,1,1-FDNP is
the very sharp increase in explosion time (from 7 sec to “300 sec) for
a small decrease in temperature (Figure 24). This result is very similar
to the behavior of nitromethane at 1 kbar discussed in the last report.®
During the current period we have given considerable thought to this

problem,

There is the question of how to derive Arrhenjus psrameters for
the global heat-releasing chemical reactions from the observed dota--
thermal explosion times as a function of temperature. Following Zinn
and Made:r's treatment,!? it is clear that onc can not simply usc the
slope of the {explosion-time/reciprocal-temperature) plot to obtain the
activation encrgy. The method of deriving Arrhenius parameters is more
complex than that, although there f{& a rough correlation in that ('
steeper the explosion-time/reciprocal-temperature graph, the higher the
apparent activation energy. The details of the calculations are given
in 8 paper accepted for prosentation at the Western Statex Spring Meeting

of the Combustion Institute to be held in Seattle, 24-25 April 1972,
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The results of such a computation for nitromethane yield an activation

energy of 127 kcal/mole and the Arrhenius A-factor of 104° sec™?!.

The problem then is with the "high"Arrhenius parameters. The term
"high" is used because the activation energy of 127 kcal/mole is so
much greater than the strength of the weakest bond, D(CH,-NO,) = 60 kcal/
mole. Usually activation energies are equal to, or less than, the
strength of the weakest bond. A chain mechanism or catalyzed decomposition
will tend to reduce an activation energy below the bond strength.
Similarly, the A-factor is over twenty orders of magnitude higher than for

for a simple unimolecular or chain reaction.

“High" activation energies have been observed befose. Maksimov?!?
and Rogers!® attributed “high” activation energies for decomposition of
explosives to melting, The theory is that organic solids decompose
faster in a molten state than as solids. So just below the melting
point, the explosive is solid and stable. The tcmperature is raised a
few degrees to the melting point, the explosive melis, and begins to
decompose rapidly. This big difference in rate over a few degrees
corresponds to a high activation energy. Unfortunately, the “nigh”
activation energy for nitromegthane ix obtained at 1 kbar where the range
is 340 to 380YC, and not at 10 kbar where the temperature iz lower,
namely, 227 to 310°C. This is, the nitromethane iz much more likely
to be solid at 10 kbar than 1 kbar, since Rabinovitch and Gorbushenkov!®

have shown thet the critical iempersture of nitromethane is 315°C.

C. VIPP of Nitroslkanes (with Leonard Piszkiewicz)

We previously ..ported the kinetic parameters for VIPP of severasl
dinitroalkanes.® We have now completed @ study of the products of de-
composition in VIPP far these ssme compounds, Together, these data

serve as a point of reference for future considerations of mechanisms
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Table VI

VLPP PRODUCTS FROM DINI'I‘ROPRQF'ANESﬂ

b Relative Yield
Compound Products ()€ (£5%)
2,2-LUNP Acetone 55
2-Nitropropene 45
1,1-DNP Propionaldehyde 20
trans-1-Ni tropropene 5
tnknown! 50
Other minor products S
1,1,1-FoNP| Propionyl fluoride sole product®
1,2-NP trans-1-Nitropropene 75
2-Nitropropene 25

Flow through reactor 10'* <1018 moleculesdsec.

The product distributions were reasonably constant over the
raage of decomposition studied.

The mans balances for 1,1-pNP, 2,2-INP, ond 1,2-DNP were
estimated to be 90%, (see note e.)

The unknown was unstable; itx behavior and vpe retention time
suggest it to be nitroethylene.

The mass balance in this caxe waa about 107,  The poor result
is due to the high volatility of proptonyl fluoride, which
results in o low trapping efficiency in these experiments.
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of decomposition in the SHP region and cumplete our VLPP study of nitro-
alkanes. Results will be submitted for publication in the Journal of

the American Chemical Society.

The kinetic param2ters for unimolecular decomposition of the four
dinitroalkanes examined in our earlier work® are consistent with two
kinds of mechanisms: a cyclic S-center elimination of HONO from 1,2-DNP
and C-N scission in the c;se of 1,1-DNP, 2,2-DNP, and 1,1,1-FDNP where

geminate substitution weakens the C-N bond.
Products from VLPP, shown in Table VI, support these conclusions.

Two processes are significant. First, for 1,2-DNP, the isolation
of the two nitroolefins indicates that, in agreement with the kinetic
results, the compounds behaves like a simple mononitroalkane and

eliminates HONO in a cyclic process.

I N
H,CH-01 ) H
3 @ - Y - ~ 1 ,CH=CHNO., +HONO
NO,NO, I hiag
T3 W ND,

The gem-dinitrocompounds, on the other hand, yield, in addftion
to olefins, carbonyl compounds. This result suggests that C-N scission
is the dominant mode of decowmposition for tnese compounds in accond with

the results by Nazin et al.t?

The carbonyl products can be explained by a mechaniam including
initial C-N scission followed by intramolecular migratioa of oxygen
from N to C. In the case of 1,1,1-FONP, this roule apparent l){ is the

only one followed. For 2,2- and 1,1-DKP, however, the formution of
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nitroolefin indicates that P-scission is occuring. For l,ljDNP

No, .
CH,CH ,CH a1, Cll G
No, NO,
. ~0 0
CHCH,CH = CH,CH,CH — NO + CH,CH,CHO
NG, NO

-H scissio
Bl sclssion oy Gh=eawvo, + H-

~C scission
B=cs CHy + Qi =CHNO,

The migration of O is reminiscent of F migration in the case of
the difluorcaminoalkane 2,2-DP.® However, while the rearrangement is
about 40 kcal/mole exothermic in the fluorine case, it is roughly thermo-

neutral ia the oxygen case.

For 1,1-DNP it was shown that the product distribution was essentially
unchanged for the three reactor exit apertures, or a change in wall
collisions by o factor of over 100, Thus the reactions we are seeing

arc very likely true unimolecular reactions in the gas phase.

. Future Work

Despite the unusually high kinetic parameters, the results of the
SHP experiments are interesting in terms of the chemlatry they suggest
must be proceeding. The clear demoastration of an J-hydrogen effect is
in accord with an initiation model in which efther the aci-forms of the
compounds are important to the detonation process, or, -at the very least,

the transfer of the a-hydrogen is a significant step.

A knowledge of the products formed in the infttation perivd is
important as it would provide some inzight into the critical moleculor

processes during this period. Although the present experimental set-up

i
bt
3
3




is ideal for reaction time studies, attempts at product isolation have
been unsuccessful for a number of reasons, not the least of which is

the small sample volume of about 10 pl. We plan to extend the current

: SHP work by carrying out thermal experiments at pressures in the 1-10
kbar range, on samples on the order of 100 to 500 wl. The runs will be
made at generally lower temperatures than those used in the current work,
s¢ that detonation will nct occur and so that the intermediate products

formed during this initiation period can be isolated and ideantified.

The planned work will use a new high pressure apparatus currently
being assembled,and the details of the operation will be presented in
the next report. Briefly, however, samples of the nitro compounds will
be put into polyethylene or FEP “speghetti” tubing and the ends heat

sealed. The pressure chamber, filled with hydraulic fluid, will be large

enough to accommodate one or more sample tubes, The sealed assembly
will be pressurized and then heated externally for some suitable period,

Ther the sample tubes will be withdrawn and opened in a vacuum system

suitably coupled to a gas chromatograph. In this way all the products,

including any gases, will be i1solated and identified.
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